1. Introduction {#s0005}
===============

RAS GTPases (RAS) are signal transduction pathway regulators that control cell proliferation, survival, differentiation, and apoptosis[@bib1], [@bib2], [@bib3]. The RAS protein is an intracellular guanine nucleotide-binding protein (G protein) that comprises two domains: The G domain and the hypervariable region. The G domain binds guanine nucleotides and comprises three dynamic structural motifs: switch I (residues 30--38), switch II (residues 60--76), and the phosphate-binding (P)-loop (residues 10--17). The switch I and II motifs constitute the nucleotide-binding site and interfaces for downstream effectors[@bib4], [@bib5]. The P-loop regulates vital interactions with the phosphate groups of nucleotides[@bib6], [@bib7], [@bib8]. Normally, RAS activity is regulated by a switch between the GTP-bound state (ON) and the GDP-bound state (OFF) following GTP hydrolysis by GTPase-activating proteins (GAPs)[@bib9] or acceleration of GDP release and GTP binding by guanine nucleotide exchange factors (GEFs, such as SOS)[@bib10]. Consequently, small-molecule inhibitors selectively maintain the OFF conformation to inhibit RAS signalling by disrupting the binding of either effectors[@bib11].

RAS mutations have been reported in over 30% of solid tumours and in approximately 20% of common myeloid malignancies, particularly in pancreatic, lung, and colon cancers[@bib12]. These mutations are often tumorigenic and inhibit the GTPase activity of RAS, resulting in the accumulation of activated RAS. In particular, RAS mutations have been shown to inhibit the interaction of RAS with GAPs, thereby decelerating the rate of hydrolysis and accelerating the activation of GTP-bound effectors such as PI3K[@bib13], RAF[@bib14], and RalGDS[@bib15], thereby affecting the cytoskeletal organization, transcriptional regulation, or membrane trafficking pathways in the cell[@bib16].

RAS inhibitors are difficult to establish due to the lack of well-defined surface pockets that facilitate drug binding[@bib17], [@bib18]. Recent studies have identified certain small molecules that directly inhibit and disrupt crucial functions of RAS. For example, andrographolide and its derivative (SRJ23) inhibit GDP--GTP exchange and abrogate the interactions of oncogenic RAS with its effectors[@bib19]. Some mutant-specific inhibitors form covalent bond with the thiol of the G12C cysteine residue in the P-loop, which constitutively activate RAS through locked GTP binding[@bib20]. The study by Gentile et al.[@bib21] utilized disulphide tethering of a non-natural cysteine (K-RAS (M72C)) to identify a new switch-II pocket (S-IIP) binding ligand (2C07) that engages the active GTP state. FarnesyltransfeRASe inhibitors (FTIs) target the CAAX motif in RAS and prevent membrane binding of RAS[@bib22], [@bib23]. Despite previous efforts, anti-RAS therapies have not been implemented in the clinical setting.

Glycyrrhetinic acid (GA), a triterpenoic acid derived from the roots of the *Glycyrrhiza* plant, has widespread clinical applications due to its anti-allergic[@bib24], hepatoprotective, anti-inflammatory, antimicrobial, and antitumour effects[@bib25], [@bib26]. From in our previous study, GA exerts a synergistic anti-asthmatic effects *via* a *β*2-adrenergic receptor-mediated pathway[@bib27]. In the present study, chemical biology strategies were primarily used to identify potential target proteins of GA. The RAS protein was evaluated as a potential target of GA using fluorescence-based thermal drift (FTS) and surface plasmon resonance (SPR) analyses. In addition, negative-staining electron microscopy and SPR analyses of the interaction between GA and the wild-type or mutant H-RAS protein revealed that GA binds to the P-loop of RAS, triggers a conformational change, impairs RAS interaction with its effector proteins, and disrupts oncogenic RAS function.

2. Materials and methods {#s0010}
========================

2.1. Reagents, cell culture, SDS-PAGE, and Western blotting {#s0015}
-----------------------------------------------------------

A549 (human adenocarcinoma cells) and HepG2 (hepatocellular carcinoma cells) cell lines were obtained from American Type Culture Collection (Manassas, VA, USA). Cell lines were tested for murine pathogens and mycoplasma and found to be negative. A549 and HepG2 cell lines were maintained in Dulbecco׳s modified Eagle׳s medium (DMEM) supplemented with 10% (*v*/*v*) foetal bovine serum and 100 unit/mL penicillin and incubated at 37 °C in a 5% CO~2~ atmosphere. Western blot and SDS-PAGE analyses are consistent with the literature[@bib28] using the antibodies anti-RAS (\#3965), anti-P38 (\#9212), anti-phospho-P38 (\#9211), anti-ERK1/2 (\#9102), anti-phospho-ERK1/2 (\#4370), anti-GAPDH (\#2118), and a goat anti-rabbit IgG (\#7074) secondary antibody, which were purchased from Cell Signaling Technology (Beverly, MA, USA). C-RAF (\#3965), phospho-c-RAF (S338, \#9427, S259, ab173539), phospho-B-RAF (S729, ab124794, T401, ab68215), and Alexa Fluor 594-conjugated goat anti-rabbit IgG (ab150084) were purchased from Abcam (Cambridge, UK). The HRAS-c-RAF inhibitor Kobe0065 (Kobe) and farnesyltransferase (FTase) inhibitor tipifarnib (Tip) were purchased from Selleck (Houston, Texas, USA). Kobe is a RAS family small GTPase inhibitor that inhibits the interaction of RAS/GTP with multiple effectors, including RAF, PI3K, and RalGDS and SOS[@bib29]. Tip can inhibit the prenylation of the CAAX tail motif of FTase, which allows RAS to bind to the membrane[@bib30]. Glycyrrhetinic acid (purity\>98.5%, as determined by HPLC) and propargylamine were purchased from J&K Chemical (Beijing, China).

2.2. Enrichment of target proteins in cells {#s0020}
-------------------------------------------

A549 cells were cultured with 10 µmol/L alkynyl-GA probe for 6 h. After three washes with precooled PBS, 500 µL of lysis buffer (Solarbio, Beijing, China) was added and incubated on ice. Cell lysates were then treated with GA-modified functionalised magnetic microspheres (probe 1) and incubated with a catalyst (2.0 mmol/L sodium ascorbic acid and 1.0 mmol/L CuSO~4~ in precooled PBS) overnight at 4 °C. Afterwards, probe 1 was separated with magnets and washed by PBS. Enriched probe 1 was then treated with d,l-dithiothreitol (DTT) (100 mmol/L) to release the captured protein targets. Then SDS-PAGE and Western blotting were performed in accordance with a previously reported method[@bib28].

2.3. Co-localization of target proteins and GA {#s0025}
----------------------------------------------

A549 cells were cultured in flasks with 1 µmol/L alkynyl-GA probe. After washing, fixation with 4% paraformaldehyde, and blocking with 10% goat serum, anti-RAS antibodies (1:1000) were added and incubated overnight at 4 °C. Afterwards, Alexa Fluor 594-conjugated secondary antibodies (1:1000) were added to the cells and incubated for 1 h at room temperature. The N~3~-tag substrate (10 µmol/L) was then added to the cells for the probe 2 click reaction with the aforementioned catalyst system. After an adequate number of washes, fluorescence images were obtained with a confocal microscope (Leica TCS SP8, Japan): Alexa Fluor594: *λ*~Ex~: 594 and *λ*~Ee~: 617 nm; probe 2: *λ*~Ex~: 488 and *λ*~Ee~: 520 nm. DAPI (1:1000) was used to stain the nucleus and images were captured at *λ*~Ex~: 405 and *λ*~Ee~: 430 nm.

2.4. Evaluation of RAS activation {#s0030}
---------------------------------

A New East Assay Kit (NewEast Biosciences, Wuhan, China) was used for RAS detection according to the manufacturer׳s instructions. We appended a brief explain in the [Supporting Information](#s0125){ref-type="sec"}.

2.5. Fluorescence-based thermal shift (FTS) assay {#s0035}
-------------------------------------------------

The recombinant H-RAS protein, GA and Tip were diluted in their corresponding incubation buffers. The H-RAS protein was complexed with each compound at a 1:10 ratio (protein concentration, 10 μmol/L) and the Protein Thermal Shift Dye Kit^TM^ (1:6000) in a total volume of 20 μL in a 96-well plate. Scanning (37--95 at 0.03 °C/s) was conducted by a real-time PCR machine (LightCycler^®^96, Roche, Switzerland). Data collection and organization are consistent with the literature[@bib31].

2.6. Surface plasmon resonance (SPR) analysis of H-RAS {#s0040}
------------------------------------------------------

SPR experiments of the interaction of H-RAS with GA were performed by a Biacore T200 optical biosensor (GE Healthcare, Pittsburgh, PA, USA). Immobilization of recombinant wild-type or mutant H-RAS protein (50 μg/mL) was carried out in sodium acetate buffer (pH 5.5). During each binding cycle, the GA solution (1.9 to 250 μmol/L) was injected at a flow rate of 30 μL/min for 1 min and the dissociation was monitored for 300 s. Data collection and organization are consistent with the literature[@bib31].

2.7. Negative stain electron microscopy {#s0045}
---------------------------------------

Briefly, the uranyl formate staining process is consistent with the literature[@bib32]. Images were obtained from a Gatan 1400 TEM operated at 120 kV (Talos F200C, Waltham, MA, USA), using a 4 × 4 k CCD camera with a nominal magnification of 30 k, corresponding to 3.71 Å/pixel. Defocus value ranged between 1 and 2 μm.

2.8. Circular dichroism (CD) spectroscopy {#s0050}
-----------------------------------------

The purified H-RAS protein was dialyzed against sodium phosphate buffer (pH 7.4). CD spectral analysis was performed at 20 °C using a MOS-450 spectropolarimeter (Bio-Logic, France) equipped with a Peltier unit for temperature control.

2.9. Migration and invasion assays {#s0055}
----------------------------------

A549 cells were treated with various concentrations of GA (20 or 40 μmol/L) or Tip (10 µmol/L) and cultured for 24 h in 24-well plates in the upper wells of transwell migration inserts and transwell BD BioCoat^TM^ Matrigel^TM^ invasion chambers (pore size: 8 μm, BD Biosciences, Franklin Lake, New Jersey, USA). Cells that had migrated and invaded the lower surface were stained with crystal violet and then enumerated manually.

2.10. Cell cycle analysis {#s0060}
-------------------------

The A549 cells were incubated with certain concentrations of GA, kobe and Tip for 24 h. Then, the cells were harvested and fixed in ice-cold 70% (*v*/*v*) ethanol overnight at −20 °C. The cell pellet was resuspended in PBS and stained with a mixture of RNase (10 μg/mL) and PI (25 mg/mL) in sodium citrate containing 0.5% Triton X-100 for 30 min in the dark. Fluorescence was measured using a flow cytometer (BD LSRFortessa, Franklin Lake, New Jersey, USA).

2.11. Xenografts in nude mice {#s0065}
-----------------------------

Six-week-old female BALB/c nude mice (specific pathogen-free \[SPF\]) were purchased from the Laboratory Animal Experimental Center of Academy of Military Medical Sciences (No. 1601563; Beijing, China). Studies using experimental animals were performed according to protocols approved by Nankai University Ethics Committee on Pre-Clinical Studies. A549 cells (1 × 10^7^) were subcutaneously (s.c.) injected into the right flanks of the mice. The mice were randomly assigned to 4 groups (*n* = 6 mice per group): two groups were intragastrically (i.g.) administered GA (50 or 100 mg/kg) daily for 40 days, and one group was i.g. administered Kobe (80 mg/kg) daily. Tumour volumes (*V*) were calculated using previously described methods[@bib33].

2.12. H&E and IHC staining {#s0070}
--------------------------

Tumour tissue sections were deparaffinised, rehydrated, and boiled in sodium citrate for 15 min for antigen retrieval. After quenching endogenous peroxidases, sections were incubated with an anti-P-ERK1/2 antibody (1:500) overnight at 4 °C. Alexa Fluor 594-conjugated goat anti-rabbit IgG (1:1000) was applied to the sections and incubated at 37 °C for 45 min. Fluorescence images were generated with a confocal microscope (Leica TCS SP8).

2.13. Statistical analysis {#s0075}
--------------------------

The results were reported as means ± S.D. (standard deviations). For single comparisons, significant differences between the means were determined using Student׳s *t*-test. A *P*-value less than 0.05 was regarded as indicate significant differences. All data were processed using the GraphPad Prism statistical software, version 5.01 (La Jolla, CA, USA).

3. Results {#s0080}
==========

3.1. In silico docking and target fishing of GA probe {#s0085}
-----------------------------------------------------

To screen for potential targets of GA, a virtual docking process was adopted using PhamMapper (<http://59.78.96.61/phammapper>). The first 40 candidate targets of GA are listed in [Supporting Information Table S1](#s0125){ref-type="sec"}. Next, we studied the candidate targets by putting them into String 10.0 (<http://www.string-db.org/>) and found that RAS was involved in the MAPK signalling pathway and constitutes the RAS/RAF/MEK/ERK axis ([Supporting Information Fig. S1](#s0125){ref-type="sec"}). Then, the candidate targets were selected and assessed used AutoDock and Molecular Operating Environment software ([Supporting Information Fig. S2](#s0125){ref-type="sec"}). The binding energies of GA targeting MAP2K1, PKC*α*, MAPK14, MAPK10, H-RAS and MAPK1 were found to be --9.93, --8.77, --8.82, --7.93, --7.47 and --7.36 kcal/mol, respectively.

To validate the results of this *in silico* analysis, alkynyl-GA was synthesized according to the scheme shown in [Fig. 1](#f0005){ref-type="fig"}A. To identify the potential targets, the GA-modified functionalized MMs (probe 1) were used to capture protein targets in A549 cells. The captured proteins were released by DTT reduction ([Fig. 1](#f0005){ref-type="fig"}B). To assess collection efficiency, SDS-PAGE and Western blotting were then performed. Levels of the RAS protein, which was presented as an approximately 21 kDa band, were significantly increased in the probe 1-enriched microspheres compared with the non-alkynyl-GA-modified microspheres in the control group ([Fig. 1](#f0005){ref-type="fig"}C, right and left panel). Meanwhile, we performed capture capacity assays for other targets. The result is shown that MAPK1, MAPK14 and PKC*α* were also captured in the same system as the RAS protein. However, JNK and MEK1 did not yield clear positive results ([Supporting Information Fig. S3](#s0125){ref-type="sec"}). Since MAPK1, MAPK14 and PKC*α* are located downstream of the RAS signalling pathway. Therefore, the goal of GA is still focused on the RAS protein. Next, tracking probe 2 was synthesized ([Fig. 1](#f0005){ref-type="fig"}D). As expected, the click product probe 2 showed strong fluorescence, while the three substrates (alkynyl-GA, GA and N~3~-tag) showed almost no fluorescence ([Fig. 1](#f0005){ref-type="fig"}E). Under identical conditions, analysis of co-localization of alkynyl-GA probe and the RAS protein expression by confocal microscopy on A549 cells. The GA (10 µmol/L) treatment group showed little fluorescence. But obviously alkynyl-GA (1 µmol/L) fluorescence was observed in the cytoplasm. In addition, the specific fluorescence was competitively ablated by a 10 µmol/L GA treatment ([Fig. 1](#f0005){ref-type="fig"}F). This phenomenon indicated the specificity of the cytochemical staining for GA. The routes used by synthesize alkynyl-GA, probe 1 and probe 2 are shown in the supplementary data ([Supporting Information Figs. S4--S8](#s0125){ref-type="sec"}).Figure 1GA targets RAS and co-localizes with RAS in A549 cells. (A) Synthesis of alkynyl-modified GA (alkynyl-GA). (B) Synthesis of GA-modified functionalized MMs (probe 1) and the process for capturing and releasing the target protein. (C) Lane 1 shows A549 lysate as a loading control, Lane 2 shows the lysate captured by the azide-modified MMs as a negative control, and Lane 3 shows the lysate captured by probe 1. Markers indicate the molecular weight. The concentrations of all protein samples were adjusted to equal amounts before capture and were adjusted to the same volume after capture for SDS-PAGE and Western blot analyses. (D) Synthesis of fluorescent click product (probe 2). (E) Fluorescence intensity of the click product (probe 2) compared with alkynyl-GA, GA and N~3~-tag. (F) Analysis of the co-localization of alkynyl-GA and the RAS protein using fluorescence confocal microscopy. The GA (10 µmol/L) treatment group showed little fluorescence. But obvious alkynyl-GA (1 µmol/L) fluorescence was observed in the cytoplasm (green). The specific fluorescence was competitively ablated by a 10 µmol/L GA treatment. Alexa Fluor594 staining for RAS (red) was found in the cytoplasm and membrane and partially co-localized with alkynyl-GA (yellow), as indicated by the arrows, scale bar 10 µm.Fig. 1

3.2. GA binds to RAS and changes its conformational state {#s0090}
---------------------------------------------------------

To further evaluate the feasibility of GA combining with RAS as a ligand, adopting the conventional SPR tests to verify the binding of GA to RAS targets. Depending on SPR results, GA bound to the immobilized H-RAS protein and the binding affinities of GA was 30.45 μmol/L ([Fig. 2](#f0010){ref-type="fig"}A). Then, the FTS assay was conducted to assess H-RAS thermal stability upon GA binding. The principle of FTS assay measurement is that ligand binding changes the thermal stability of proteins[@bib34]. Purified H-RAS protein was subjected to FTS in the presence and absence of GA ([Fig. 2](#f0010){ref-type="fig"}B). Strikingly, GA caused a 6--8 °C decrease in the protein melting temperature (Δ*T*), which was strongly suggesting that considerable conformational changes occurred in H-RAS upon GA binding and similar to the FTIs tipifarnib (Tip) control group. In contrast, treatment with the positive control GTP substantially increased H-RAS thermal stability and caused 15 °C increase in Δ*T*. Furthermore, the leftward shift always indicates substantial instability[@bib31]. In addition, a negative stain electron microscopy experiments were performed to verify the binding of GA to H-RAS target. Electron microscopic observation of wild-type H-RAS protein was homogenously distributed. However, the H-RAS protein formed many irregular aggregates after incubation with GA, and these irregular aggregates existed in a dose-dependent manner ([Fig. 2](#f0010){ref-type="fig"}C). To confirm the sensitive conformation alterations induced by hydrophobic amino acid residues, circular dichroism (CD) spectroscopy was performed ([Fig. 2](#f0010){ref-type="fig"}D). After charging with GA, the CD spectra exhibited a slight change at approximately 275--282 nm. The region represented the specific absorbance of tyrosine residues[@bib35]. The result indicated that GA displayed the greatest impact on the stability of H-RAS. The H-RAS protein expression and purification process are shown in the supplemental data ([Supporting Information Fig. S9](#s0125){ref-type="sec"}).Figure 2GA binds to RAS and changes its conformational state. (A) SPR analysis of interactions between GA and H-RAS. A Biacore CM5 chip was used to capture H-RAS. Measures of GA/RAS association and dissociation were performed in the presence of various GA concentrations ranging from 1.9 to 250 μmol/L. After passage over the surface of the CM5 chip, an apparent *K*~D~ of 30.45 μmol/L was obtained. (B) The thermal stability of the H-RAS protein incubated with GA was assessed using the thermal shift assay. (C) Negative stain electron microscopy analysis of changes in wild-type H-RAS morphology before and after treatment with 25, 50 and 100 µmol/L GA. Arrows indicate irregular oligomers of the RAS protein, scale bar: 100nm. (D) The conformational state of the H-RAS protein (40 µmol/L) was analysed by CD after treatment with 400 µmol/L GA or 400 µmol/L Tip.Fig. 2

3.3. GA targets the P-loop region of H-RAS {#s0095}
------------------------------------------

For predicting the position of GA might bind in the RAS-GTP binding pocket, multiple molecular dynamics simulations of RAS (PDB ID codes 4EFL, 3×1W, and 2CL7) complexed with GA were conducted ([Supporting Information Fig. S10](#s0125){ref-type="sec"}). The predicted ligand binding site involves two distinct Pockets: Pocket 1, which includes the effector P-loop (residues 12--15), and Pocket 2, which includes switch II (residue 60). The P-loop is very important for binding nucleotides mainly binds to the *β*-phosphate of GDP and the *β*,*γ*-phosphates of GTP[@bib36], [@bib37]. The predicted ligand binding site involves residues G12, G13 and G15 that possibly make hydrogen bonds with GA ([Fig. 3](#f0015){ref-type="fig"}A, right panel), which is identical to the GDP pocket (G13, G15, G16 and G17) ([Fig. 3](#f0015){ref-type="fig"}A, left panel). To verify the reliability of predicted amino acid sites, we prepared H-RAS mutants, which harboured alanine substitution at G12, G13, V14, G15 and G60, to examine ligand binding capacity using SPR approach[@bib38]. Usually, alanine replaced proteins are used to identify residues important for protein stability, function and shape[@bib39]. Compared to the wild-type protein, a mutation at G12, G13 and G15 resulted in nearly 60%, 50% and 40% loss of binding of GA, respectively. And multipoint mutations at G12/G13/V14 resulted in nearly lose binding of GA ([Fig. 3](#f0015){ref-type="fig"}B and [Supporting Information Fig. S11](#s0125){ref-type="sec"}). Furthermore, the negative stain electron microscopy of wild-type and mutant H-RAS with GA was carried respectively. As showed in [Fig. 3](#f0015){ref-type="fig"}C, the binding of GA strongly induced irregular aggregates of the wild-type H-RAS, and the irregular aggregate state was observed reduction for three mutants G12A, G13A and G15A. Taken together, these results suggested that GA interacts with the nucleotides binding region P-loop of H-RAS through specific residues and triggers H-RAS irregular aggregates. P-loop sequence is highly conserved across not only the H-RAS but also the whole RAS family (H-RAS, K-RAS and N-RAS) ([Fig. 3](#f0015){ref-type="fig"}D). These key basic residues (G12, G13, and G15) are reported to play essential roles in GTP-hydrolysis[@bib40]. It is speculated that GA targets the P-loop and might affect all RAS family proteins normal functions.Figure 3GA targets the P-loop region of RAS. (A) Molecular docking analysis of GDP and GA. A detailed docking model for H-RAS showed that carbonyl and hydroxide radicals in the GA structure form hydrogen bonds with Gly12, Gly13, Gly15, and Gly60. GDP was also docked into the P-loop pocket. (B) SPR response of GA incubated with different H-RAS mutant proteins. (C) Negative stain electron microscopy analysis of changes in wild-type and mutant H-RAS before and after treatment with 50 µmol/L GA. Arrows indicate the irregular oligomers of the RAS protein, scale bar: 100 nm. (D) Comparison of the main sequence of human and mouse members of the RAS family.Fig. 3

3.4. GA inhibits the action of RAS and affects the function of downstream effectors {#s0100}
-----------------------------------------------------------------------------------

Normally, GTP binds to activate RAS and is inactivated when GTP is hydrolyzed to GDP. To further confirm the inhibitory effect of GA on RAS protein, a RAS activation assay kit was used to measure active RAS-GTP levels based on the use of a configuration-specific anti-RAS-GTP*γ*S monoclonal antibody, then the bound active RAS was pulled down by protein A/G agarose. The precipitated active RAS was detected by immunoblot analysis using anti-RAS antibody. As showed in [Fig. 4](#f0020){ref-type="fig"}A, 40 μmol/L GA significantly inhibited intermolecular interactions of activation on A549 cells. RAS regulates proliferation by activating the mitogen-activated protein (MAP) kinase (ERK) cascade[@bib41], [@bib42]. The first step in RAS-dependent activation of ERK signalling is RAS binding to members of the RAF family[@bib43], [@bib44]. RAF kinase is a key RAS effector protein and is phosphorylated by RAS at residues S338 and S259[@bib45]. Therefore, phosphorylated c-RAF and ERK1/2 were tested in A549 cells and HepG2 cells. c-RAF and ERK1/2 expression exhibited no evident changes, but the level of phosphorylation c-RAF at both Ser338 and Ser259 sites and the level of phosphorylation ERK1/2 were decreased following GA treatment in a dose-dependent manner ([Fig. 4](#f0020){ref-type="fig"}B and C).Figure 4GA inhibits GTP binding and the activation of downstream effectors. (A) GA dose-dependently inhibits GTP binding and the activation of downstream effectors *in vitro*. (B) and (C) Western blots showing the levels of activated downstream effectors, c-RAF phosphorylated at S338 and S259 and phosphorylated ERK1/2 levels, in A549 cells and HepG2 cells after GA treatment. GAPDH expression was used as an internal control for normalization. The assay was performed three times, Error bars indicate means ± S.D. (^\*^*P* \< 0.05, ^\*\*^*P* \< 0.01, ^\*\*\*^*P* \< 0.001 compared to the control). (D) and (E) A549 cells were cultured with 20 or 40 µmol/L GA. Migration (upper panel) and invasion (lower panel) were investigated using Transwell and Matrigel assays (*n* = 5), scale bar: 50 µm. (F) and (G) PI staining was performed to investigate the effect of GA on the cell cycle. Cells were treated with GA (20 or 40 µmol/L) for 24 h and then stained with PI. GA induced S phase arrest in A549 cells. Histogram shows the percentage of cells in G0/G1, G2/M and S Phase (*n* = 3).Fig. 4

3.5. GA decreases cell migration, invasion, and inhibits cell cycle progression {#s0105}
-------------------------------------------------------------------------------

To assess the function of GA on the chemotactic motility of cancer cells *in vitro,* the effects of GA on cell migration and invasion were examined. Compared with the untreated control, the population of migrating cells decreased by 23.74% and 43.29% and the population of invasive cells decreased by 12.76% and 33.33% following treatment with 20 and 40 µmol/L GA, respectively. Consistent results were observed when A549 cells were treated with the RAS inhibitor Tip ([Fig. 4](#f0020){ref-type="fig"}D and E). Previous results show that RAS is active between G0 and S phases of the cell cycle[@bib46], [@bib47]. Previous results show that RAS activity is required for both cell cycle initiation and subsequent G1 progression through the activation of various RAS effector pathways[@bib48], [@bib49]. In order to explore whether the cell cycle arrest contributed to GA-induced proliferation inhibition, we further analysed the cell cycle distribution, and we found that GA induced S phase arrest in A549 cells ([Fig. 4](#f0020){ref-type="fig"}F and G).

3.6. GA inhibits tumour growth in the mouse xenograft model {#s0110}
-----------------------------------------------------------

The antitumour activity of GA was assessed using a xenograft of A549 cells in nude mice. The tumour size of the model group displayed a significant increase compared with the GA-treated mice ([Fig. 5](#f0025){ref-type="fig"}A and B). A high dose of GA inhibited tumour growth by 50%--60%, similar to animals treated with Kobe[@bib29]. For the histological analysis, tumour tissue sections were stained with haematoxylin & eosin (H&E). Compared with the model group, the high-dose GA and Kobe groups exhibited an obviously ameliorated severity of necrosis and pyknosis in the nuclei of tumour cells. Immunohistochemistry (IHC) of the tumour tissue revealed a substantial decrease in ERK1/2 phosphorylation of ERK1/2 in response to the GA treatment ([Fig. 5](#f0025){ref-type="fig"}C). Furthermore, we tested the expression of phospho-c-RAF, phospho-B-RAF and phospho-ERK1/2 in the tumour tissues from both the GA- and Kobe-treated groups. The level of phosphorylation of c-RAF at Ser259, B-RAF at both Ser729 and Thr401, ERK1/2 was decreased following GA treatment high-dose group. ([Fig. 5](#f0025){ref-type="fig"}D and E).Figure 5Treatment with GA inhibited the growth of A549 cells *in vivo*. (A) and (B) The GA treatment suppressed the formation of tumours by A549 cells *in vivo*. Mice were treated with 0.9% NaCl (model), GA (high dose, 100 mg/kg; low dose, 50 mg/kg) or Kobe (80 mg/kg). (A) Tumour weights were monitored. (B) Growth curves of the xenograft tumours. Values are presented as means ± S.D. (*n* = 6). (C) Images of H&E (original magnification × 100 and × 400), and IHC staining of the tumour tissues show the levels of P-ERK1/2, scale bar: 50 µm. (D) and (E) Levels of the phosphorylated c-RAF-S259, B-RAF-S729, B-RAF-T401 and ERK1/2 proteins in the tumour tissues were analysed by Western blotting. The data are reported as means ± S.D. (*n* = 3). ^\*^*P* \< 0.05, ^\*\*^*P* \< 0.01, ^\*\*\*^*P* \< 0.001 compared to the model.Fig. 5

4. Discussion {#s0115}
=============

Here, our study demonstrates that GA acts as a ligand targeting the P-loop of the RAS protein. They are identified by chemical biology strategies and biophysical techniques. P-loop is a conserved sequence motif (GxxxxGKS/T) found in the superfamily of P-loop nucleoside triphosphate hydrolases (NTPases)[@bib50]. In generally, all GTPases are involved in signal transduction and regulation belongs to P-loop NTPases[@bib51]. The P-loop maintains the GTP in an appropriate configuration for nucleophilic attack by a water molecule interacting with the switch I and II regions[@bib52]. GDP--GTP exchange is mainly regulated by GEFs, which assist in displacing the bound GDP and replacing it with GTP, and by GAPs, which are responsible for catalysing GTP hydrolysis[@bib9]. Conformational changes in the P-loop may be a common strategy contributing to GEF-stimulated nucleotide exchange in G-proteins. Thus, Structural disruption of the P-loop is likely the essential mechanism underlying the sharply reduced catalytic function of GEFs for GDP release and GDP--GTP exchange[@bib53], which leads to changes in affinity and kinetics of interaction with effectors.

According to us results of *in silico* docking and biophysical techniques results, GA is predicted to bind P-loop and switch II of RAS which are composed of certain basic residues (G12, G13, V14, G15 and G60). Replacement of G12, G13 and G15 with alanine leaded to obvious loss of binding ability of GA, and these residues involved in GA-induced irregular oligomers. Studies have demonstrated that the switch I and II domains bind to *γ*-phosphate *via* the backbone NH groups of the invariant T35 and G60 residues, which may be referred to as the loading spring mechanism[@bib8]. Release of the *γ*-phosphate after GTP hydrolysis allows the switch regions to relax into a different conformation. We hypothesized that GA binds to the P-loop region of the RAS protein, and release of *γ*-phosphate after normal GTP hydrolysis allows the two switch regions to relax into a GDP-specific conformation that is disturbed. A possible explanation for this phenomenon is that the GA exhausts the pool of GTP-RAS over time by promoting the intrinsic hydrolysis of bound GTP and simultaneously preventing the reactivation of GTP *via* GEF-catalysed GDP--GTP exchange. According to the results of FTS assay, the thermal stability of RAS protein was reduced by GA as it caused a 6--8 °C decrease in Δ*T*~m~. In contrast to competitive inhibitors, GA exhibits the characteristics of an allosteric inhibitor. At present, the inhibitor SCH54292 was designed to directly block RAS by competing with nucleotides and binding to RAS, which revealed a new binding site, Lys101, under switch II[@bib54]. A series of small-molecule compounds were administered to inhibit intrinsic nucleotide exchange, similar to the RAS neutralizing antibody Y13--259, which binds to amino acid residues in switch II (Glu-63, Ser-65, Ala-66, Met-67, and Arg-73)[@bib55]. A natural product, andrographolide, and its derivatives bind to switch II (Tyr 64 and Tyr 71) and impair its interaction with RAS, thereby preventing GEF-assisted nucleotide exchange[@bib19].

In cell signaling networks, the involvement of H-RAS, N-RAS or K-RAS in the RAS-RAF-MAPK pathway has shown to be critical for controlling proliferation, differentiation and survival[@bib56], [@bib57]. Based on our intracellular enzyme activity and effector protein assay results, the activity of RAS decreased following the addition of 40 μmol/L GA. The level of phosphorylation c-RAF at both Ser338 and Ser259 sites decreased following GA treatment in a dose-dependent manner. We performed *in vitro* and *in viv*o studies to determine the effects of GA on tumor cell migration, invasion, and cell cycle progression using A549 cells and nude mice. GA successfully reduced tumor cell migration and invasiveness and inhibited cell cycle progression, thereby inhibiting the RAS/MAPK signalling pathway and associated downstream effectors RAF and ERK. The above results are consistent with previous reports that GA-treated tumor cells exhibit down-regulation of H-RAS protein, which affects cell cycle arrest and cell growth inhibition[@bib58].

Naturally occurring triterpenoid saponin and its derivatives, such as, ursolic acid[@bib59], including GA[@bib60] have displayed a broad spectrum of anticancer activity and low toxicity. However, the identification of its precise anti-tumour targets is still challenging[@bib61]. In contrast to competitive inhibitors, GA exhibits the characteristics of an allosteric inhibitor in our study. GA exerts an inhibitory effect by changing the conformation of the RAS protein. GA may be an effective and comparatively safe compound for the design and development of RAS-related antineoplastic drugs.
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